Reward signals contribute to the regulation of energy balance by influencing switching between feeding and competing behaviors. Properties of natural rewards are mimicked by electrical stimulation of certain brain regions. The rewarding effect produced by stimulating the perifornical region of the hypothalamus is modulated by body weight and is attenuated both by leptin and insulin. Research is reviewed concerning the dependence of the rewarding effect of perifornical stimulation on longterm energy stores and the effects of two neuropeptides implicated in the regulation of energy balance, neuropeptide Y and corticotropin-releasing hormone. It is proposed that the potentiating effect of weight loss on perifornical self-stimulation is not tied to an increased propensity to eat or to an enhancement of food reward per se, but resembles the influence of long-term energy stores on non-ingestive behaviors that defend body weight, such as hoarding. International Journal of Obesity (2001) 25, Suppl 5, S17 -S21 Keywords: brain stimulation reward; lateral hypothalamus; perifornical region; leptin; insulin
The role of reward in the regulation of energy balance
Behavior is both the sole source of energy input and a major channel for energy expenditure. Thus, the maintenance of energy balance depends critically on the allocation of behavior between feeding and competing activities on the one hand and between energetically expensive activities and sedentary ones on the other.
Rewards, such as a food object encountered while hungry, play a fundamental role in behavioral allocation. In real time, rewarding stimuli and activities create behavioral dispositions that bias an animal to resist interruption of ongoing actions. Information about rewards, such as their intensity, kind, amount and spatiotemporal distribution, is stored in memory and is used in concert with information gleaned from current stimuli to influence switching between competing behaviors. 1 Thus, unraveling the neural circuitry that confers rewarding properties on stimuli has implications for understanding the regulation of energy balance.
Brain stimulation reward
Properties of rewarding natural stimuli can be mimicked by electrical stimulation of certain brain sites. The resulting neural activation gives rise to a powerful disposition to reinitiate the stimulation and to resist breaking contact with the manipulandum that triggers the stimulator. The effect responsible for this disposition is called 'brain stimulation reward' (BSR). Information about the strength of the rewarding effect and its rate of availability are stored in memory. At least in the case of lateral hypothalamic (LH) stimulation, the rewarding effect can compete with, summate with, and substitute for the rewarding effect of natural stimuli such as food. 1 It has long been suspected that the neural system responsible for BSR is not uniform and is subdivided along functional lines. 2 In this view, the rewarding effect of stimulating some sites is related to energy balance, whereas at other sites BSR is linked to other homeostatic systems or to reproductive behavior. It has also been proposed that rewarding stimulation can mimic a neural signal that serves as a common currency for evaluating different goal objects and that the outputs of functionally specific subsystems are combined so as to apply a common measurement scale to the evaluation of disparate rewards. 1 Thus, the rewarding effect of stimulation applied prior to the point of convergence is likely to fluctuate as a function of specific physiological need states. In contrast, stimulation applied beyond the point of convergence bypasses functionally specific physiological control signals and would be expected to remain stable in the face of changes in energ stores, hydration, body temperature, and other regulated variables.
Modulation of BSR by changes in long-term energy stores
In 1968, Blundell and Herberg showed that the rate of LH self-stimulation was increased by weight loss, but only when the electrode tip was in close proximity to the fornix. 3 The measurement method used in this and many other early studies cannot distinguish between changes in performance capacity and changes in the strength of the rewarding effect. However, Carr and co-workers replicated the dependence of perifornical hypothalamic (PFH) self-stimulation on longterm energy balance using modern frequency-scaling methods, 4 showing clearly that chronic food restriction can boost the effectiveness of the stimulation in producing reward. They obtained curves relating the rate of lever pressing to the stimulation frequency. Following chronic food restriction, these curves were shifted leftward, towards lower stimulation frequencies, when the electrode tip was in an area dorsolateral to the fornix. They also showed that the magnitude of the leftward curve shift grows as a function of the severity of the weight loss and that the opioid antagonist, naltrexone, reverses the weight-loss induced potentiation of BSR. 5 However, when the electrodes were located in several regions of the LH outside the PFH, neither weight loss nor naltrexone administration altered frequency thresholds.
In contrast to the potentiating effect of weight loss on PFH self-stimulation, acute glucoprivation or lipoprivation fail to alter reward effectiveness. 6 Recently, Fulton et al showed that the rewarding effect of PFH stimulation remained stable in the face of a 48 h period of acute food deprivation, 7 a manipulation that severely depletes shortterm energy reserves. Restriction of the availability of metabolic fuels and acute food deprivation do increase food intake and enhance the rewarding effect of food. Thus, the potentiating effect of weight loss on PFH self-stimulation cannot be related to an increased propensity to eat or to an enhancement of food reward per se. Rather, the potentiating effect seems linked to the state of long-term energy stores.
Modulation of BSR by leptin and insulin
The levels of at least two circulating hormones, leptin and insulin, vary systematically as a function of the fat mass and thus can signal the brain about the state of long-term energy stores. Both hormones gain entry to the brain and act at widely distributed central receptors. Thus, leptin and insulin are candidates for the signal linking long-term energy stores to BSR.
Fulton et al showed recently that centrally administered leptin can decrease the reward effectiveness of PFH stimulation, shifting rate-frequency curves rightward. 7 This effect was seen consistently in the case of stimulation sites at which the rewarding effect was potentiated by chronic food restriction and was not observed at restrictioninsensitive sites. Thus, the effect of exogenous leptin on the rewarding impact of stimulating the restriction-sensitive sites mimicked the effect of fat accumulation. The rewardattenuating effect was more consistent across subjects when body weight was reduced to 75% of normal levels than under free-feeding conditions. Presumably, leptin levels were lower at the reduced body weight and, thus, the impact of the fixed dose of exogenous leptin was greater. Carr and co-workers decreased insulin levels by means of streptozotocin administration, and they found that this manipulation potentiated PFH self-stimulation. 8, 9 They have also shown that centrally administered insulin decreases the rewarding impact of PFH stimulation, increasing the frequency threshold for PFH self-stimulation. 9 It has not yet been established whether these effects are specific to restriction-sensitive sites. Given the results that we have obtained with leptin administration, it is tempting to speculate that the modulation of BSR by insulin will also depend on the sensitivity of the rewarding effects to food restriction.
Additional work is required to determine the relative importance of leptin and insulin in coupling the state of long-term energy stores to the rewarding effect of PFH stimulation. These two hormones interact in multiple ways, and, as Carr et al have proposed, they may well function cooperatively in the modulation of central reward circuitry.
Effects of leptin, NPY and CRH on self-stimulation of the perifornical region
Leptin and insulin both signal the state of long-term energy stores in the periphery. What central neurons could transduce these signals and relay them to the cells responsible for the modulation of BSR? The arcuate nucleus is an important site for the central transduction of signals carried by leptin and insulin. 10 Decreases in the levels of these two hormones activate arcuate neurons containing neuropeptide Y (NPY) and agouti-related peptide (AgRP), while reducing activity in adjacent arcuate cells containing pro-opiomelanocortin (POMC), the precursor for a family of signaling molecules that includes a-melanocyte stimulating hormone (a-MSH). Thus, it is of interest to determine whether arcuate neurons may contribute to the modulation of BSR by changes in long-term energy stores. The only reports to date that have addressed this objective concern the role of NPY. In both studies, central administration of NPY failed to alter PFH selfstimulation. 6, 11 Given that NPY is a very potent stimulator of food intake and that this peptide enhances the reward value of food, the stability of BSR following NPY administration is yet another indication that the modulation of PFH selfstimulation by changes in long-term energy balance is not tied to the proclivity of an animal to engage in feeding or to the reward value of ingested food per se.
Arcuate neurons project to several other hypothalamic nuclei implicated in the control of energy balance, such as the paraventricular nucleus (PVN), the PFH, and other regions of the lateral hypothalamus (LH). Cells in these projection areas also bear receptors for leptin and insulin. Thus, these hormones may act directly on cells in arcuate projection areas. Of particular interest are LH=PFH neurons containing orexins and melanin-concentrating hormone (MCH). To our knowledge, the modulation of BSR by the orexins or MCH has not been reported.
Corticotropin releasing hormone (CRH) is another peptide implicated in the regulation of energy balance. Like MCH and the orexins, it is produced by neurons that receive input from the arcuate nucleus. Moreover, leptin administration can stimulate CRH release. Thus, we were interested in determining whether CRH mediates the influence of leptin on BSR. Our results 12 do not support this hypothesis. We found that administration of 5 mg of CRH into a lateral cerebral ventricle could indeed alter BSR, and, as was the case with leptin, the influence of the peptide depended on whether or not the rewarding effect was modulated by chronic food restriction. However, the direction of the changes in BSR produced by CRH administration was different than the direction of leptin-induced changes. In the case of the restriction-insensitive sites, CRH shifted the rate-frequency curves rightward. Such a decrease in reward effectiveness is consistent with the results of studies in which self-stimulation thresholds have been increased following exposure to stressors. 13 In contrast, CRH failed to significantly shift the rate-frequency curves at seven of eight restriction-sensitive sites. The stability of the rewarding effect of stimulating the restriction-sensitive sites in the face of CRH administration could reflect insensitivity to this peptide in the circuitry responsible for the rewarding effect of stimulation at those loci. Alternatively, perhaps CRH produced a weak reward potentiation that was just sufficient to offset a stress-like reward-attenuating influence such as that observed in the case of the restriction-insensitive sites.
One reason for entertaining the possibility of cancellation between opposing influences of CRH on BSR is the striking result obtained at the remaining restrictionsensitive site. Large leftward curve shifts were seen at this site, an effect indicative of reward potentiation and opposite to the direction of the shifts seen in the case of the restriction-insensitive sites. One might be tempted to dismiss the single instance of a large leftward curve shift. However, there are several reasons to think that the leftward shift is meaningful. First, the rewarding effect of stimulating this site was unusually sensitive to the potentiating effect of chronic food restriction: the restriction-induced curve shifts were larger than those seen in any other subject in our studies of the modulation of BSR by CRH, leptin, and NPY. Second, a consistent effect of CRH was observed on two separate occasions, once during a period of ad libitum feeding and again following restriction-induced weight loss.
The notion that an anorexic agent could enhance BSR may seem odd at face value. However, CRH-containing neurons are widely distributed in the brain, and this peptide may serve as a local neurotransmitter. Thus, CRH-containing neurons may be involved in diverse functions that are not necessarily allied. In this regard, it is interesting to note that engagement in appetitive behavior can drive release of CRH in the amygdala.
14 Thus the notion that some sub-group of reward-related neurons may include CRH-containing cells is not beyond the realm of plausibility.
The single case of potentiation of BSR by CRH administration is not the only counter-intuitive finding concerning the link between the rewarding effect and the state of longterm energy stores. Enhancement of BSR by an anorexic agent was also seen in the study of leptin effects by Fulton et al. 7 At three of four restriction-insensitive sites, leptin produced leftward curve shifts.
BSR, food hoarding, and the differential behavioral influence of short-and long-term energy stores
The immediate objectives of short-and long-term mechanisms for the regulation of energy balance are not always convergent, and these mechanisms may influence different components of the brain reward circuitry. A particularly clear demonstration of a divergent behavioral influence of shortand long-term controls is provided by experiments on food hoarding by Michel Cabanac and co-workers. 15 They impose a limited-access feeding regimen that requires rats to compress their daily food intake into a 2 h period. During this time, the rats can fill their stomachs by eating, but they can also accumulate much larger quantities of energy by hoarding food in an enclosed darkened refuge.
The rats adjust readily to the limited-access regimen and soon consume 10 -15 g of food during the 2 h period of food availability. At normal body weight, they do not hoard food. However, at reduced body weight, the rats intersperse bouts of hoarding with bouts of feeding. The amount of food hoarded grows linearly with the severity of the weight loss, attaining levels as high as 1000 -2000 g per session. In contrast, the amount eaten does not vary systematically as a function of weight loss. The persistence and vigor of the hoarding behavior is particularly striking given that the experimenters empty the refuge of food at the end of each feeding session and thus the rats do not get to keep the fruits of their hoarding efforts.
There is little doubt that at the beginning of the period of food availability, the rats are very hungry and that the rewarding effect of food is correspondingly high. Nonetheless, the greater the deviation of body weight from its normal trajectory, the stronger the tendency of the rats to engage in a behavior that is incompatible, at least in the short run, with feeding. Thus, any increase in the tendency to eat due to signals from long-term energy stores is more than outweighed by the impact of these signals on the tendency to switch into and out of hoarding behavior. This makes sense Brain reward circuitry P Shizgal et al given that the quantity of food that a rat can consume in a 2 h period represents a small proportion of the stored-energy shortfall that must be made up in order to reverse a bodyweight decline of even a few percent. In contrast, the rat can hoard more than 100 times as much food during a 2 h period as it can consume. That the rats continue to hoard food they do not get to keep is reminiscent of sham feeding; engagement in the behavior is rewarding in its own right, the absence of long-term benefits notwithstanding.
Early research on hoarding demonstrated that prefeeding the subjects, a manipulation germane to the short-term control of food intake, reduces the amount eaten but does not affect hoarding. In contrast, weight loss, which entails depletion of long-term energy stores, increases hoarding but does not affect the amount eaten during the limited period of food access. The modulation of hoarding behavior by short-and long-term signals is reminiscent of the modulation of PFH self-stimulation. In both cases, it is the long-term signals that are effective. In this regard, it is interesting that PFH stimulation has been shown to elicit hoarding in rats maintained on an ad libitum feeding regimen and that the amount hoarded was over ten times greater than the amount eaten during stimulation. 16 Central administration of NPY not only fails to alter BSR at restriction-sensitive sites, it has also been shown to be ineffective in altering foodhoarding. 17 It is in a speculative spirit that we raise the parallels between the role of long-term energy stores in the modulation of hoarding behavior and PFH self-stimulation. Much work remains to be done to determine whether these parallels reflect the participation of common neural circuitry and to adequately address the data linking PFH self-stimulation to stimulation-induced feeding, a phenomenon that depends both on the sensory properties of food and on manipulation of short-term energy reserves.
BSR, post-ingestive feedback, and short-term energy stores
The example of hoarding behavior was raised to illustrate instances in which short-and long-term controls over energy balance may exert different and even conflicting influences over behavior. Nonetheless, convergence of short-and longterm influences is probably much more common. After all, feeding must ultimately serve as the behavioral final common path for repletion of both short-and long-term energy stores. Such convergence of short-and long-term influences has not yet been noted in studies of BSR. However, there is evidence that short-term controls modulate the rewarding effect of stimulating certain sites. For example, although acute food deprivation failed to shift ratefrequency curves obtained from restriction-sensitive PFH placements, 7 decreases in BSR thresholds in response to acute deprivation have been reported in the case of some LH sites in the rat. 18 Although strong post-ingestive feedback had little effect on self-stimulation of some LH sites in the rat, 19 threshold increases were observed at orbitofrontal sites in monkeys fed to satiety. 20 An important objective for future work is to more fully map the BSR sites at which the rewarding effect is modulated by short-term controls and to work out the mechanisms linking the rewarding effect to post-ingestive feedback and the state of short-term energy stores.
Integration of diverse reward signals
In the view developed here, a converging network of functionally specific pathways determines the reward value of stimuli and activities. A subset of these pathways is linked to energy balance. Within this subset are neurons involved in non-ingestive behaviors, such as food hoarding, that are recruited in defense of body weight and that are modulated by signals reflecting the state of long-term energy stores. The properties of the neural substrate for self-stimulation of restriction-sensitive PFH match this description, at least in part. Presumably, other neural pathways compute the reward value of ingested food in a manner that reflects the impact of post-ingestive feedback and the state of short-term stores. Yet other pathways confer reward value on stimuli and activities germane to the regulation of body temperature and electrolyte balance as well as to non-regulatory behaviors such as mating and parenting. The outputs of the functionally specific pathways are thought to converge so as to permit the use of a common measurement scale in behavioral allocation decisions. 1 The rapid progress that has been achieved in identifying signaling molecules and neural pathways involved in the regulation of energy balance has already helped draw distinctions between the neural substrates for BSR at different sites and may well help identify functionally specific subgroups of reward-related neurons. Conversely, studies of the relationship between BSR and specific physiological signals may shed light on the neural mechanisms that adjust behavioral allocation so as to ensure the regulation of the internal environment.
